The early dissolution behavior of Cu in a molten Sn-Zn-Ag solder was studied at 250°C by fast quenching the dissolving specimen in liquid nitrogen. The atomic level dissolution behavior of Cu in the molten solder was revealed by high-resolution transmission electron microscopy. The dissolution of Cu occurs through channel dissolution and thermal vibrational dissolution. The dissolution channel has a dimension of less than 0.5 nm. The formation of channels, and thus the channel zone, is initiated by preferential removal of Cu atoms from the surface vacant site of Cu lattice. Relict strips of lattice between channels subsequently dissolve into the molten solder with the aid of thermal vibration and the interaction with liquid Zn atoms. The dissolved atoms form an atomic cluster zone. These clusters are the intermediate state of the dissolution of Cu from the channel zone into the molten Sn-Zn-Ag solder. The clusters convert into an amorphous structure prior to further formation of compound.
I. INTRODUCTION
Microelectronic interconnections are soldered 1 to provide mechanical bonding and the path for power transport and signal transfer. The soldering process involves a solid/liquid interaction between the solid metal and the liquid solder at a temperature 30-40°C above the melting temperature of the solder alloy. The as-soldered specimen will form alloys as well as intermetallic compounds 2 between the solid metal and the solder. The solid metal may be a deposit of metal such as Cu, Ni, or Au. It may also be the bulk of a metal like Cu. It has been reported that various intermetallic compounds form at the interface between the Cu substrate and various binary eutectic solder alloys such as -Cu 6 Sn 5 and ⑀-Cu 3 Sn in the case of Sn-Pb 2 and Sn-Ag 3 solders. Recent work showed that the interfacial reaction product between Cu and Sn-Zn solder is different from that of the other solders. Zinc plays an important role in the interfacial reaction. A single ␥-Cu 5 Zn 8 layer at 250°C was reported to have been formed using microstructural observation and thermodynamic considerations. 4, 5 Another investigation reported the formation of ␥-Cu 5 Zn 8 , ␤Ј-CuZn and a thin reaction layer by transmission electron microscopy (TEM) investigation, without any Sn in these layers. 6 All of the investigations on the formation of interfacial product were conducted after natural solidification and cooling of the specimen. 2 The interfacial phenomenon thus observed actually revealed a product layer formed after prolonged diffusion and reaction occurred upon the slow natural cooling.
Dissolution of the solid metal into the molten solder occurs during the early stage of the soldering process. 7 The very beginning atomic level dissolution behavior has not been revealed in previous investigations because evidence of the initial dissolution behavior was destroyed during the solidification and relatively slow cooling processes. The very beginning dissolving behavior of Cu in the molten Sn-Zn-Ag solder was studied at 250°C by fast quenching dissolving specimen in liquid nitrogen. Thus the captured dissolution behavior of Cu in the molten Sn-Zn-Ag solder was revealed with the aid of high-resolution transmission electron microscope (HRTEM).
II. EXPERIMENTAL
The lead-free solder investigated was Sn-9Zn-1.0Ag. The solder was prepared in the laboratory by molten pure metals of the desired compositions. The alloy ingots were cold rolled to 500 m thick and then cut into 5 × 5 mm. Cu foil (99.9 wt%) 20 m in thickness was used as the substrate. The Cu foil was cut into 10 × 10 mm. The Cu substrate was polished and degreased with 5 wt% NaOH at 70°C for 3 min, followed by cleaning in 10 vol% HNO 3 for 5 s. Solder and Cu specimens were ultrasonically cleaned in acetone before soldering reaction.
At the beginning of the soldering process, the Cu foil was heated to 250°C by a heating plate. The solder alloy was dipped in a laboratory prepared flux and then put on the Cu foil. At the same time, the timer began to count the reaction time. The specimen was rapidly pushed into the liquid nitrogen by a tappet when the desired reaction time was reached. The flying distance of the specimen from heating plate to the liquid nitrogen was 50 mm, and the flying duration was around 1 s.
HRTEM specimens were polished with 0.3-m Al 2 O 3 and 0.04-m SiO 2 powders. The thickness of the thin specimen was estimated to be less than 1 m and then glued to a Ni half-ring. The foils were then ion-milled at 4.5 kV and inclined at an angle of [3] [4] o from the horizontal. The time of ion milling was only 10-15 min to avoid overheating. HRTEM investigation was carried out at 200 kV. For image analysis, the observed electron micrographs were digitized with 256 gray levels and 512 × 512 pixels from photographic films by using the GATAN Digital Micrograph software. The digitized data were further treated with fast Fourier transform (FFT) patterns using noise filtering to better reveal the atomic arrangement.
III. RESULTS
The interaction between Cu and molten Sn-9Zn-1Ag solder at 250°C for 15 s results in a diffusion zone [region 1 of Fig. 1(a) ] that consists mainly of Cu and Zn as indicated by the result of energy-dispersive x-ray (EDX) analysis [ Fig. 1(b) ]. The thickness of this diffusion zone can be around 50 nm from Cu substrate to the molten solder. No crystalline cell appears in this zone [ Fig. 1(a) ]. The specimen was ground to around 1 m in thickness prior to further thinning with ion milling. The ion milling process was kept as short as 15 min to avoid possible effect on the microstructural evolution. Thus, the microstructure observed in Fig. 1 and the following HRTEM analysis is a typical microstructure of the dissolution front of the Cu specimen. The electron diffraction pattern [inset in Fig. 1(a) ] and the TEM image [ Fig. 2(a) ] of this region indicate that this diffusion zone is amorphous. This shows that the dissolution of copper into the molten solder gives rise to a mixture of Cu and Zn prior to the formation of compounds. The compounds formed between Cu and Sn-Zn solder have been reported in other studies. 4, 6, 8 Zn comes from the molten solder. It is worth mentioning that Sn of the molten solder was not detected in the diffusion zone, although it is the major constituent (>90%) of the solder, and only a very limiting extent of Ag was detected.
The result of EDX analysis [ Fig. 1(b) ] on region 2 of Fig. 1(a) did show the existence of Zn within the Cu lattice. The Ni signal resulted from the specimen holder. The front of the solid Cu metal experiences a direct contact with Zn of molten solder. The melting temperature of the solder is around 198°C. 8 The liquid Zn atoms of the molten solder diffuse toward the Cu metal. The results of EDX analysis indicate that the Zn atoms will penetrate into the Cu lattice. The temperature of the entire soldered specimen was controlled at 250°C, which is much lower than the melting temperature of Cu (1024°C) and Zn (419°C). The vibrational energy (5.495 kJ mol −1 ) of the Cu atom at 250°C is not expected to destruct the lattice structure of face centered cubic (fcc) Cu lattice. [From heat capacity (C p ) of Cu and the duration of temperature from 25 to 250°C, we determined the thermal vibration energy is 5.495 kJ mol −1 .] This implies that there is some other destruction model that results in the dissolution of Cu lattice into the molten solder.
The surface oxide on the Cu substrate was removed by the flux prior to the soldering reaction. This cleaning step resulted in local disruption of the Cu surface as well as the temporary formation of a highly active surface area such as vacancy. The preferential adsorption of foreign atoms on vacant lattice sites of Cu has been observed in other reports as a result of the work function lower than that of their flat counterparts. [9] [10] [11] The foreign atoms in the present study are Sn, Zn, and Ag atoms of molten solder. All of these atoms have a chance to adsorb upon the vacant sites of Cu surface and affect the dissolution of Cu. The competition for Cu among these atoms is governed by diffusion and thermodynamics of reaction. It was reported that the diffusivity of Zn along the c axis of Sn crystal is 6 × 10 15 at 250°C. This thermodynamic data further show that ZnCu interaction is the reaction preferable over Sn-Cu and Ag-Cu interaction for the dissolution of Cu in the liquid Sn-Zn-Ag solder at 250°C. Consequently, the Zn atoms of the molten solder will preferentially adsorb on these vacant lattice sites and interact with solid Cu atoms. This interaction weakens the bonding energy between the attacked Cu atom and the neighboring Cu lattice atom. It was reported that the diffusion barrier of single Cu atoms on the close-packed Cu (111) 20 Therefore, we believe that the Cu-Zn pair will dissolve into the molten solder from the Cu surface due to the thermal vibration energy and relatively high diffusivity of solute atoms. It results in continuous rapid removal of the Cu atoms through the Cu-Zn pair into molten solder and forms a Cu-Zn mixture zone. This behavior gives rise to atomic channels, as observed in Fig. 2(a) , the magnified image of the inset (region A) of Fig. 2(a) . The atomic channels form the "channel zone" of the Fig. 2(a) . The channel zone can be regarded as the immediate zone in contact with Cu lattice formed during the dissolution of Cu into solder. According to the orientation identified in Fig. 2(a) , the lattice spacing of the Cu lattice is estimated to be 0.29 nm, as shown in the figure. This is close to the lattice spacing (0.25 nm) of the {110} plane of Cu crystal. The diffraction pattern [inset of Fig. 2(a) ] of the Cu lattice region indicates that the zone axis is [111] . The results given above indicate that the Cu dissolves into the molten solder along the [112] direction under the present experimental conditions. Figure 2 (b), a higher magnification image of region A of Fig. 2(a) , further shows the channel structure. The alignment of the lattice image of the channel zone with that of the Cu lattice sites clearly indicates the existence of vacant lattice site within the channel zone. These vacant lattice sites correspond to the atomic channel. The formation of the atomic channel releases the bonding and thus the backbone support of the remaining chainlike atomic lattice sites. Consequently, the lattice sites tend to vibrate upon thermal energy flow and thus give rise to the distorted channel zone structure. Figure 2 (a) further indicates the existence of an intermediate region between the channel zone and the outer molten CuZn (l) diffusion zone, the amorphous zone. This region, termed the "atomic cluster zone," exhibits atomic clusters, as circled in Fig. 2(a) .
IV. DISCUSSION
A schematic description of the dissolution behavior is proposed in Fig. 3 . The above analysis indicates that the initial dissolution step is the adsorption or attack of high surface energy area of Cu lattice by liquid Zn atom [ Fig. 3(a) , three dimensional] as described by
where Cu (s,b) is the bonded atom of Cu lattice at solid state, and Zn (l) is the Zn atom of liquid solder. The attack by Zn (l) weakens the binding between attacked Cu atom and the neighboring Cu atoms. It gives rise to loosely bonded Cu (s,ub) -Zn (l) and then the CuZn (l) pair, which moves to the atomic cluster zone. The preferentially continuous attack and removal of Cu atom [ Fig. 3(b) ] from the vacant sites give rise to the atomic channels [ Fig. 3(c) ] the channel zone. The remaining lattice sites in the channel zone adsorb thermal energy and start vibrating, as implied by the curved lattice site of Fig. 2(b) . The lattice structure distorts upon vibration. The remaining lattice sites of the channel zone are subject to attack by the liquid Zn atom [ Fig. 3(d) ], as described by
where Cu (s,hb) is high-energy bonded atom of the Cu lattice in the channel zone, and Cu (s,ub) is the unbonded Cu atom. The first stage of process (1) involves the adsorption and penetration of Zn atoms into the Cu lattice, which results in the interaction and formation of a pair between Zn atom and Cu atom [Cu (s,b) -Zn (l) ], and the formation of metastable Cu (s,ub) -Zn (l). Subsequently, the Cu (s,ub) -Zn (l) migrates into the molten solder and forms the CuZn (l) state. This defines the formation of the liquid Cu-Zn melt [CuZn (l) ], which gives rise to atomic clusters. In our opinion, stage 2 shows that the thermal vibration and the attack of Cu atom by liquid Zn atoms occur synchronously. These behaviors give rise to the high-energy bonded atom of Cu in the channel zone [Cu (s,hb) ]. Subsequently, the Cu atom dissolves from the relict strips of channels to the molten solder.
Extension of the "channel zone" toward the liquid solder shows some gathering atoms in Fig. 2(a) . The continuous dissolution from the combination of "channel dissolution" and "thermal vibration dissolution" of Cu lattice result in high CuZn (l) concentration on the nearsurface region of the channel zone. These gathering atoms give rise to a number of "atomic clusters," as evidenced in the circled region of Fig. 2(b) . These atomic clusters are the intermediate state produced upon the rapid dissolution of Cu lattice in a short time. The clusters will dissociate and dissipate into the molten solder to form uniformly dispersed atoms by diffusion, shown as the CuZn (l) diffusion zone in Fig. 3(d) . The schematics delineated in Fig. 3 may represent the early dissolution behavior of a solid metal into molten solder. It is of interest to further investigate the dissolution behaviors of various systems to verify the proposed mechanism.
V. CONCLUSIONS
The dissolution of Cu in the molten Sn-9Zn-1Ag solder occurs through channel dissolution and thermal vibration dissolution. Liquid Zn atoms of the solder interact with the Cu atom to form a Cu-Zn pair that migrates to the liquid solder. The dissolution of Cu gives rise to various zones. These zones are, sequentially from the Cu lattice, the channel zone, atomic cluster zone, and diffusion zone. Intermetallic compounds were not detected in these zones.
